Genetic relationships among 80 isolates of nonencapsulated Haemophilus influenzae recovered from different disease types were determined by multilocus enzyme electrophoresis (MEE) a t 13 enzyme loci in an attempt to assess the association between multilocus genotype and disease. The isolates were obtained from 15 patients with meningitis, 10 with otitis media, I 9 with chronic bronchitis, 20 with cystic fibrosis, and 16 were obtained from healthy carriers. The 80 isolates were assigned to 69 electrophoretic types (ETs) falling into 5 groups. Isolates from each disease entity were represented by a variety of genotypes; however, cluster analysis from a matrix of genetic distances between ETs revealed that the ETs of the otitis media and meningitis isolates were all clustered within a genetic distance of 055 (group I). In addition, no genotypes were shared between H. influenzae carrier isolates and isolates from cases of disease. H. influenzae isolates from healthy individuals were distributed significantly differently from those from chronic bronchitis meningitis and otitis media patients. The genetic diversity (H) of carrier strains was greatest, although not statistically different from that of isolates from patients with disease. It was concluded that the genetic distribution of acute disease isolates is not random over the five ET groups, although the genetic diversity within the groups is not different. The effect of bacterial persistence in the host on the genetic diversity of H. influenzae is discussed.
INTRODUCTION
Haemophilus influenzae is a Gram-negative bacterium which asymptomatically colonizes the nasopharynx of healthy individuals and occasionally causes systemic disease and mucous membrane infections. On the basis of the production of various polysaccharide capsules, the species has been divided into six serological types, designated a-f, and nonencapsulated (nontypable) strains (Turk, 1984) . Greater than 90 % of the systemic disease is caused by H . influenzae type b (Hib) . However, the availability of a vaccine based on the type b capsular antigen has dramatically reduced the incidence of the disease in Europe and North America, while the incidence of disease caused by nonencapsulated H . influenzae is still significant.
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Extensive population genetic studies of H . influenzae
isolates by MEE have revealed that the population structure of encapsulated and nonencapsulated H . influenzae is clonal (Barcak et al., 1991; Musser et al., 1990; Porras et al., 1986) , and that genotypic diversity is greater among nonencapsulated isolates than capsulated isolates. Furthermore, these studies have revealed a restricted diversity within nonencapsulated H . influenzae isolates from patients with postpartum infections and neonatal sepsis (Quentin et al., 1989) , and have shown that a clone of nonencapsulated H . influenzae biogroup aegyptius is responsible for cases of Brazilian purpuric fever. Although other studies have documented the genotypic diversity among nonencapsulated H . influenzae isolates by MEE, little attention has focused on specific isolates recovered from different disease syndromes in these studies (Barcak et al., 1991; Musser et al., 1990; Porras et al., 1986) . The current study represents an analysis by MEE of 80 nonencapsulated H . influenzae isolates recovered from patients with meningitis, otitis, chronic bronchitis and cystic fibrosis, and from healthy carriers. The objectives were to determine whether isolates associated with a particular disease were of the same genotype (or a restricted set of genotypes) and to ascertain whether there was restricted diversity among isolates from acute infections relative to chronic infections. We show here that each disease type is represented by a variety of genotypes, and that no genotypes are shared between H . influenzae carrier isolates and isolates from disease episodes. In addition, H . influenzae isolates from patients with persistent infections and, especially, healthy humans, who also carry these bacteria for prolonged periods, are genetically less clustered than isolates from acute infections. The effect of bacterial persistence in the host on the genetic diversity of H . influenzae is discussed.
METHODS
Bacteria. The source of the nonencapsulated H . influenzae isolates is indicated in Table 1 . These comprised 15 isolates from cerebrospinal fluid, 10 from middle ear effusions, 19 from sputum samples obtained from chronic bronchitis patients and 20 from patients with cystic fibrosis. Sixteen isolates were cultured from the nasopharynx of healthy individuals. Three reference Hib strains from meningitis patients (strains MinnA, 860048 and 840209) were included for reference. All nonencapsulated isolates were X-and Vfactor-dependent for growth, were unable to metabolize 6-aminolevulanic acid, and were nontypable with antisera specific for type a-f by coagglutination (Dirks-Go & Zanen, 1978; Kilian, 1976) . The major outer membrane protein patterns and random amplified polymorphic DNA patterns obtained after PCR of these isolates showed a high level of diversity, indicating that the isolates represented different strains (Groeneveld et al., 1990; Lomholt et al., 1993; Moller et al., 1995; van Alphen et al., 1983; Van Belkum et al., 1994) . MEE. This was performed as previously described (Porras et al., 1986 ; Selander et al., 1986 ) using the following 13 enzymes : nucleoside phosphorylase, phosphoglucoisomerase, adenylate kinase, 6-phosphogluconate dehydrogenase, malate dehydrogenase, malic enzyme, glucose-6-phosphate dehydrogenase, glutamic-oxaloacetic transaminase, phosphoglucomutase, two leucyl-leucyl-glycine dehydrogenases, leucine aminopeptidase and glutamate dehydrogenase. Each isolate was characterized by its combination of alleles at the 13 enzyme loci and distinctive combinations of alleles were designated t FST estimates the ratio of the probability of a mismatch at a given locus for two ETs chosen randomly from different groups to the average probability of a mismatch in the combined sample.
as electrophoretic types (ETs). The genetic distance at an enzyme locus ( H ) among ETs was calculated as
, where x, is the frequency of the ith allele and n is the number of ETs in a sample (Nei, 1987) . The mean genetic diversity ( H ) is the arithmetic average of h over all loci assayed, including monomorphic ones. The genetic distance ( D ) between pairs of ETs was expressed as the proportion of enzyme loci at which different alleles occur, i.e. the proportion of mismatches. Clustering of ETs from a matrix of pairwise coefficients of genetic distance was performed by the average-linkage method (Sneath & Sokal, 1973 Table 1 summarizes the characteristics of the isolates, their allelic profile and their ET numbered consecutively as in the dendrogram shown in Fig. 1 . A total of 69 ETs were found among the 80 nonencapsulated H . influenzae analysed and each of the disease types was represented by a variety of genotypes. All 13 enzyme loci were polymorphic for 3 (adenylate kinase) to 12 (glucose-6-phosphate dehydrogenase) alleles, with an average of 6.8 alleles per locus ( Table 2) . Only 11 of the ETs were encountered more than once, indicating strong diversity among the 80 nonencapsulated H . influenxae isolates.
RESULTS

Electrophoretic types and diversity of genotypes causing disease
Ten ETs were represented by two isolates and a single ET (ET 40) was represented by three isolates. Among the 11 ETs encountered more than once (Table 3) , ETs were typically shared between pairs of isolates recovered from different disease types, for example ET 49 was represented by isolates recovered from a patient with chronic bronchitis and a patient with meningitis. However, ET 13 was represented by two isolates from meningitis cases, ET 43 by two chronic bronchitis isolates and more notably, within this collection of 80 strains no ET was shared by isolates from a particular disease episode and a healthy carrier. None of the patients was related and geographical origin had no effect on the clonal distribution. Fifty-eight of the sixtynine multilocus genotypes (84 %) were represented by a single strain ; however no specific alleles were associated with particular disease types.
Relationships among multilocus genotypes
The genetic relationships among the 71 ETs are shown in the dendrogram in Fig. 1 . At a genetic distance of 0.55, which reflects differences between groups at approximately seven or more loci, there were five clusters and two single ETs (ET 64 and 71), numbered groups I-V. All ETs of meningitis and otitis media isolates were found in group I (Table 4 ). The ETs of chronic bronchitis and cystic fibrosis isolates were found in groups I, 11, IV and, notably, in group 111, which comprised isolates recovered solely from chronic bronchitis or cystic fibrosis infections. In contrast, carrier isolates were distributed throughout each lineage of the dendrogram and comprised some of the most distinct genotypes. The occurrence of meningitis and otitis media isolates in group I is not random, but significant when compared with groups 11-V [x2 with Yates correction = 9.50 (2 d.f.,
The distribution of the isolates from various disease entities in the dendrogram was also analysed statistically. Since the actual ET-values cannot be taken into account for the statistical analysis, the two-tailed Wilcoxon ranking test was used. The results are summarized in Table 5 . The distribution of otitis media and meningitis isolates, chronic bronchitis and cystic fibrosis isolates, and cystic fibrosis and carrier isolates was not significantly different. However, the distribution of carrier isolates differed significantly from that of the chronic bronchitis ( P = 0*044), meningitis ( P = 0.006) and otitis media isolates ( P = 0-009). Thus, in addition to the fact that no genotypes were shared between carrier isolates and disease isolates, the ranking of carrier isolates is significantly different from other isolates.
Genetic variation in relation to disease type
The mean genetic diversity per locus in ETs of the 80 nonencapsulated H . influenzae isolates recovered from otitis media, meningitis, cystic fibrosis, chronic bronchitis and carriers are shown in Table 6 . Overall, the mean genetic diversity per locus ( H ) among isolates was 0.593, which is similar to that reported previously for nonencapsulated H . influenzae (Musser et al., 1986) .
The mean genetic diversity was greater within the group of carrier isolates than any group of isolates recovered from disease episodes. The mean genetic diversity within isolates from acute infections (meningitis and otitis media) was 0.507. The isolates from cystic fibrosis, chronic bronchitis and carriers were collectively considered persistent isolates as they are more likely to persist in a human host for longer periods and the mean genetic diversity within such isolates was 0-616.
Tests of linkage disequilibrium
A statistical test, the index of association (IA), was performed to determine the extent of linkage disequilibrium (nonrandom association of alleles) within disease types. The index of association measures the ratio of the variance in mismatches observed for the data set, V, , to the variance expected in a corresponding population at linkage equilibrium, Ve (Maynard Smith et al., 1993) . The value of the index of association is equal to zero for a population in linkage equilibrium, and differs significantly from zero if there is significant association between alleles. The IA value calculated for the data set here was 1.22. An estimate of the statistical significance of this value was made by calculating the V, from 40 random data sets. In each random set, the numbers of each allele at each locus were the same as in the real data, but the alleles were assigned randomly to isolates (bootstrapping). If the data are in strong linkage disequilibrium (i.e. P < 0.001) then none of the values of V, obtained from the random data sets should exceed those obtained with the real data. The greatest trial variance from the simulated (random) data sets was 3.6, whereas the observed variance for the experimental data set was 6-52. This indicates that generation of further random data sets probably would not appreciably alter the significance of the results. In this study, none of the values of V, calculated for the random data sets exceeded that obtained with the real data, indicating that there is significant linkage disequilibrium between the alleles in the H . influenzae isolates.
DISCUSSION
In this study the overall genetic diversity within the H . influenzae population examined ( Fig. 1 Differences between group I and groups 11-V: x2 = 11.33 (2 d.f., P < 0.001) ; with Yates correction x2 = 9.50 (2 d.f., P < 0.005). (1986). However, the present work includes isolates which were poorly represented in earlier studies, notably those from patients with chronic bronchitis, cystic fibrosis and carriers. To minimize significant selection bias, isolates were controlled for being different in random amplified polymorphic DNA and outer membrane protein patterns, since this indicates that they are different strains (Van Belkum et al., 1994) .
Diversity of genotypes causing disease
The results show that isolates from patients with chronic bronchitis, cystic fibrosis, otitis media and meningitis are not represented by a single genotype (or a cluster of related genotypes), but rather, by a variety of different multilocus genotypes. In our collection of isolates, the mean genetic diversity ( H ) was greatest among carrier isolates from healthy individuals ( H = 8-875), which shared no electrophoretic types with isolates recovered from patients with disease ( H = 7.07). However, a subsequent analysis comparing diversity between carrier strains and all other isolates did not reveal the difference to be statistically significant. It is still possible that some
ETs are shared since the set of isolates which could be included in the study was limited to 80. Although the sample size and the epidemiology of the strains may have an impact on this conclusion, the lack of a clonal distribution of isolates from either of the patient groups over the dendrogram makes selection bias unlikely. There is also no data to suggest that particular multilocus enzyme alleles of H . influenzae are involved in the pathogenesis of disease ; rather, other virulence factors may be in linkage disequilibrium with genotypes from disease isolates (Van Alphen, 1993) .
Genetic variation in relation to disease type
Some of the multilocus genotypes were shared by isolates from different disease types, for example ET 22 and ET 40 were represented by isolates from patients with meningitis and cystic fibrosis, while ET 49 was represented by isolates from patients with meningitis and chronic bronchitis. Thus, in a number of cases, genotypes were shared between isolates from both acute and chronic infections. It is possible that the further study of (Istock et al., 1992) and to a lesser extent N . meningitidis (Caugant et al., 1987; Maynard Smith et al., 1993) , exhibit frequent extensive recombination and data suggests that this can occur in vivo (Seifert et al., 1994) . However, statistical analysis of the MEE data presented indicates significant linkage disequilibrium, suggesting that although the potential for genetic exchange exists in H . influenzae, recombination is unlikely to be important in generating genetic diversity in these bacteria. This finding is consistent with other studies, which report little evidence of inter-species recombination within Haemophilus. It is possible however, that the error rate of bacterial DNA synthesis is increased during persistent infections, as has been shown to occur in other nutritionally deprived cells (Modrich, 1991) . However, we do not know whether H . influenzae persists under conditions of nutrient deprivation, although it is unlikely that the thick mucus layer in the lower respiratory tract of patients with chronic bronchitis and cystic fibrosis constitutes a good medium for growth. DNA polymerase errors have been observed in Escherichia coli, which appear spontaneously when the bacteria pass through many generations (Lenski & Travisano, 1994) . Also, it has been proposed that during starvation a subpopulation of cells enters a hypermutable state, producing DNA sequence changes at a high rate (Hall, 1990; Kolter, 1993) . It is possible that such factors may account for the increased diversity among H . influenzae isolates from cases of chronic bronchitis, cystic fibrosis and carriers. However, given that associations have been reported between multilocus genotypes of H . influenxae isolates and clinical syndromes (Musser et al., 1990; Quentin et al., 1989) , it is unlikely that otitis media and meningitis isolates represent a selective set of isolates with properties allowing these isolates to cause specific disease.
Summarizing, during bacterial persistence in chronic bronchitis and cystic fibrosis patients, and during carriage in healthy individuals, mutations in the H . infiuenxae genome probably contribute to the strong genetic diversity of nonencapsulated H . influenzae isolates as observed with MEE. Although no association between specific multilocus genotype and disease is evident from this study, the further analysis of selected isolates from this work may contribute to the better understanding of the pathogenesis of H . influenzae.
